Introduction {#sec1-1}
============

Fractures of the spine in children and adolescents are rare and cause 0.2% of all fractures in the pediatric population whereas structural lesions account for 0.6-3% of all spinal damages.^[@ref1]^ This may be due to the fact that elasticity and mobility in infant spines is much higher than in adults and their pediatric body mass is lower.^[@ref2]^ However, diagnosis remains challenging^[@ref4]^ and consequences for the growing skeleton such as spinal deformity, syringomyelia and scoliosis are devastating.^[@ref4]^ Therefore, potential risk factors need to be investigated thoroughly.

In childhood, the vertebral end plate is a hard and thick cartilage tissue and annulus fibrosus is even supplied by vessels up to the age of 20 years.^[@ref8],[@ref9]^ The intervertebral disc has a strong texture since degeneration through oxidative stress and declining nutrition has not yet begun.^[@ref10]^ These preconditions lead to a high resistance against sheerand compression forces.^[@ref14]^

Diagnosis of vertebral fractures in growing individuals still remains a challenging task since among others the late calcification of the epiphyseal plate makes radiologic diagnosis complicated.^[@ref15]^ The complex biomechanical composition of the pediatric spine requires special scientific approaches. For instance in a Japanese study a three-dimensional model-analysis of the pediatric lumbar spine has been created. ^[@ref16]^ It indicated that anterior compartment stress in pediatric spine is extremely high, especially in the apophyseal bony ring due to increased stiffness in that region which could predetermine this area for fractures.

Injuries of the cervical spine are most common regarding the relatively high weight of the head, less muscular development and a greater elasticity of soft tissues. ^[@ref14],[@ref17]^

The most frequent fracture types in pediatric spine are impression and compression fractures,^[@ref18],[@ref19]^ whereas burst fractures with a complete rupture of stratum germinativum remain seldom.^[@ref20],[@ref21]^

Since data of these unusual fracture injuries in children and adolescents, their reasons and treatment is rare, we analyzed 546 patients with proven injuries under sixteen years to show, which of the spinal bodies is mostly affected and if in general multiple injuries are more often than isolated. Another aim was to show how often the fractures needed to be operatively stabilized.

Materials and Methods {#sec1-2}
=====================

In a retrospective analysis in a German level-I-trauma center all patients with suspected injuries of the spine were examined using conventional X-ray, CT scans or MRI. The investigation period was from 1998 to 2014. For this analysis, emergency department records were reviewed and consecutive radiology studies performed. The databases used were the PACS, the radiology reports and the surgical report databank. For the operated patients, neurological outcome was assessed. Follow up evaluation was conducted with X-ray and clinical examination, postoperatively, six weeks, three months, half a year and one year after the operation.

Inclusion criteria were: age 1 month to 15.9 years; radiographically demonstrated vertebral fractures; vertebral fractures; primary admission to the accident and emergency department (Clinic of trauma surgery and orthopedics, Department of Trauma and Reconstructive and Plastic Surgery of the University Medical Center Göttingen, UMG, Georg-August-University, Germany); period of admission: 01.01.1998 to 31.12.2014.

Exclusion criteria were: all patients with suspicion of spine trauma without verification in X-ray, CT or MRI; All patients older than 16.0 years.

Statistics {#sec2-1}
----------

Statistical analyses were performed using GraphPad Prism version 5.04 for Windows, GraphPad Software, La Jolla California USA and unpaired, two-tailed ttest was used for comparative studies.

As part of the quality assurance project this review was checked by the local ethic committee (15/5/15An).

Results {#sec1-3}
=======

Patient characteristics {#sec2-2}
-----------------------

546 patients fulfilled the inclusion criteria. The population included 285 male (52.2%) and 261 female patients (47.8%). The patient group had a mean age of 12.8±6.2 \[6.6-19.4\] years; median 13.0. The examined females had an average age of 13.7±6.3 \[7.4-20.00\] years, median 14.0 whereas the males were on average 12.0±6.0 \[6.0-18.0\] years old, median 12.0.

The youngest observed infant was 1 month old. The course of the injury was followed in the individuals if required (maximum age in control was 29 years).

Out of this population 441 children (80.8%) appeared to have vertebral fractures. The remaining 105 patients (19.2) had ligamentary lesions of luxations. Overall 890 fractures could be detected corresponding to 2 fractures per child on average. Radiologic methods included X-ray (546 times resulting in 3056 pictures), which was used more and more sparingly, CT (143 times) and MRI (54 times) ([Figure 1A](#fig001){ref-type="fig"}).

Generally, CT scans were carried out more regularly than MRI. However, the number of MRI analyses increased over the course of time ([Figure 1A](#fig001){ref-type="fig"}). Altogether 3056 X-rays were performed corresponding to 5.6 pictures per child. 11 CT scans and 5 MRIs were taken pre-operatively.

Fracture distribution pattern {#sec2-3}
-----------------------------

The distribution of all fractures was determined and showed a peak in the thoracolumbar area (L1 and T12; [Figure 1B](#fig001){ref-type="fig"}).

Among 890 fractures in 546 patients, 80 fractures were observed in the cervical region, 505 in the thoracic region and 277 in the lumbar spine.

Patients with one vertebral fracture had a mean age of 12.69±6.20 \[6.49-18.89\], median 12.0 years, patients with more than one fracture had a mean age of 13.3±6.29 \[6.99-19.57\], median 14.0 years, with a slight tendency to younger patients having less fractures (P=0.1998).

The number of fractures per patient has been determined. Less than half of all fractures occurred only as single fracture (206) and most children were found to have more than one fracture ([Figure 1C](#fig001){ref-type="fig"}) with a multiple fracture rate of 53.19%.

206 patients had one fracture (46.81%) with a lumbar peak, 235 had more than one fracture, while 129 (29.32%) had two fractures with a shift to the thoracic spine, 49 (11.14%) three fractures (thoracic spine in most cases) and 57 (12.73%) more than three fractures with a peak in the thoracic region (Figure 1C,D).

Patients with just one fractured spinal body had a lumbal injury in most cases. Furthermore, we took a closer look on the number of lesions in correlation to the vertebral location and found a shift towards the thoracic spine ([Figure 1D](#fig001){ref-type="fig"}).

Patients with cervical lesions had a mean age of 12.0 years, patients with thoracic fractures an age of 13.38 years, patients with lumbar fractures an age of 12.86 years ([Figure 2A](#fig002){ref-type="fig"}).

Causes of injury {#sec2-4}
----------------

There were three types of accidents resulting in pediatric spine fractures: fall, traffic injury and sports ([Figure 2B](#fig002){ref-type="fig"}). Fall was the most common cause with 315 patients (57.8%, mean age: 13.06 years, thoracolumbar peak, [Figure 2D](#fig002){ref-type="fig"}), followed by 180 traffic accidents (33.03%, mean age: 12.54 years, peak in the thoracolumbar area, [Figure 2C](#fig002){ref-type="fig"}) and 50 sporting accidents (9.17%, mean age: 12.42 years, thoracic peak, [Figure 2E](#fig002){ref-type="fig"}). Age could not be correlated to the cause of accident (traffic accident *vs*. fall P=0.37; fall *vs*. sports P=0.66; traffic accident *vs*. sports P=0.94).

Comparing the reasons of injury with the level of lesion, no significant differences can be detected.

Age {#sec2-5}
---

Age-related injuries were investigated by dividing the cohort into four age-groups ([Figure 3A](#fig003){ref-type="fig"}).

In patients younger than five years, a peak at T8 and a broad lumbar peak can be detected (n=90) followed by a thoracolumbar peak in the 5-10-year old children (n=161). In young teenagers, the lumbar region becomes more and more affected (n=209) when finally in older teenagers from 15 years on the lumbar region is most affected (n=304).

Operative treatment {#sec2-6}
-------------------

In 20 patients the indication for operative treatment was given (3.7%), and most commonly performed in the lumbar spine ([Figure 3B](#fig003){ref-type="fig"}). 13 of these suffered from neurological deficits. Indication for operative intervention were these neurological deficits, Denis' 3-column injuries or unstable fractures.^[@ref22]^ 12 received a dorsal spondylodesis. The average age of operated children was 13.7 years. After one year, all of the operated patients had consolidated fractures. No new neurological deficit was reported after the operation. Except one stress incontinence, no neurological abnormality was reported after one year.

None of the conservatively treated patients needed to be operated secondarily because of missing fracture healing.

Comparing the three major types of accident causes, no significant differences can be found in the resulting number of fractures whereas in traffic accidents (n=145), single fractures represent less than half of all fractures and single fractures represent more than 60% of all fractures in sporting accidents (n=10, [Figure 3C](#fig003){ref-type="fig"}).

Furthermore looking at the number of fractures, most of single (n=201), double (n=119) and multiple fractures (n=55) are caused by fall due to the fact that fall was totally the most frequent reason of injury ([Figure 3D](#fig003){ref-type="fig"}).

Discussion {#sec1-4}
==========

Vertebral fractures in pediatric and adolescent patients remain a rare injury in German hospitals. Since evidence is limited in clearing spine in pediatric patients,^[@ref23]^ clinical approach remains difficult and consequences of injuries can be devastating.

Diagnostics {#sec2-7}
-----------

With our diagnostic pathway, the number of used diagnostic tools shows a slight increase in MRI scans in the last years whereas X-rays were used more and more economically ([Figure 1A](#fig001){ref-type="fig"}). CT scans were carried out in a similar frequency over the years with a slight decrease in the last years. Considering the radiation exposure, the increased utilization of computed tomography as described by Adelgais *et al.* in a 5148 patient study,^[@ref24]^ or by Mannix *et al.* in a 929,626 patient study^[@ref25]^ could not be confirmed in our investigation. Due to the 100% sensitivity of MRI contrary to 23% in computed tomography,^[@ref26]^ MRI was used regularly with 0.1 MRI/child on average (0.3 CT/child on average).

One reason for our restrained usage of CT in the last years could be the 24/7 availability of MRI. The radiation hygiene considering for instance the theoretical risk of thyroid cancer in pediatric patients is another reason for modest usage of CT.^[@ref27]^

We have not observed children with real SCIWORA-Syndrome. The first 1982 described SCIWORA (spinal cord injury without radiographic abnormality),^[@ref28]^ which prevalence is seen controversial in the literature with a broad range from 5 to 67%,^[@ref29]^ 3.3 to 32%,^[@ref30]^ or 6 to 19%,^[@ref31]^ with its frequency dependent upon the utilization of MR,^[@ref31]^ was reported in 16 cases, corresponding to 2.9% in our study if the old definition is used. If MRI-detected pathologies would be classified as exclusion criteria for *real SCIWORA* or SCIWNA (spinal cord injury without neuroimaging abnormality), ^[@ref30],[@ref31]^ no real case could be reported.

There is no consent about the vertebral fracture distribution and location in pediatric and adolescent patients. While some show a peak in the thoracolumbar vertebra, ^[@ref32]^ others report T4 and L2 as main location of spinal trauma fractures,^[@ref35]^ depending upon whether single or multiple fractures were observed ([Table 1](#table001){ref-type="table"}).^[@ref38]^

Location of injury -- single fractures {#sec2-8}
--------------------------------------

Looking closer at the anatomical distribution, Hu *et al*.^[@ref33]^ found a distribution of cervical (19.3%), thoracic (30%) and lumbar/ sacrococcygeal injuries (42.5%) similar to our observations in a complete population.

Since we just examined pediatric fractures, the results of Siminoski *et al.*^[@ref38]^ which included 94 patients are much better comparable to our findings with a first peak at T7/T8 and a second peak at T12/L1^38^ which could also be found by Dickman *et al*. (T11- L2)^[@ref39]^ and Reddy *et al.*^[@ref40]^ These reproduce our findings almost perfectly ([Figure 1B](#fig001){ref-type="fig"}, [Table 1](#table001){ref-type="table"}).

Considering all fractures, 27% were found at T7/T8 and 17% at T12/L1.^[@ref38]^ In our study there was a greater fraction in the thoracolumbar area which could root in the older cohort of this analysis, a fact supported by [Figure 3A](#fig003){ref-type="fig"} and B that shows patients less than 5 and between 5 and 10 years and fit to this distribution much better.

Location of injury -- multiple fractures {#sec2-9}
----------------------------------------

The average age of children has been correlated to the number of fractures. Older patients tend to have more than one lesion. This tendency can also be found in an investigation of Rush *et al.*,^[@ref37]^ where multiple fractures were found more frequently in the 13 to 19-years old group than in the younger 4 to 12-years old group. The percentage of multiple fractures in our study was 53.2% which is comparable to the literature.^[@ref37],[@ref49]^

These data underline that if a vertebral fracture in children is found, it is strictly indicated to seek for a second injury since multiple fractures are observed more frequently than in adults.^[@ref50]^

The distribution of a single spinal fracture per patient shows a lumbar peak, whereas the distribution of two fractures shows a shift to the thoracic part, which is continued in the three-fracture-distribution, followed by a peak in the thoracic region if more than three fractures occur ([Figure 1D](#fig001){ref-type="fig"}). Taken together, the more damaged a spine is, the more likely is an injury of the thoracic spine. The shift to the thoracic spine in multiple fractures could also be seen in a large Chinese study.^[@ref48]^

Age {#sec2-10}
---

Age correlated to spinal fracture shows a tendency of younger patients to be injured in the cervical spine, correlating to the series of Osenbach *et al.* in which a higher fraction of cervical injuries could be measured in the younger group (79%) compared to the older group (54%) and lesions in the cervical spine were twice as often in younger children.^[@ref53]^ This was similarly shown in a study with 406 patients under 14 years, in which the cervical region was mostly affected, but there were no differences between the age groups.^[@ref42]^

Our youngest patient group (\<5 years, [Figure 3A](#fig003){ref-type="fig"}) shows a thoracic fracture peak at T8 (Siminoski: peak at T7/T8, 28%)^[@ref38]^ and a broad peak at T12-L3 (Siminoski: broad peak across T11 to L2, 40.^[@ref38]^

We could also demonstrate this tendency to cervical injuries in younger patients which is analogous to previous studies. ^[@ref5],[@ref54],[@ref55]^ This can be explained by the relatively high weight of the head as explained above.

Analyzing children from 5-10 and 10-15 years ([Figure 3A](#fig003){ref-type="fig"}), the thoracolumbar region is mostly affected in T5-7 (Siminoski: 45%) and T12-L2 (Siminoski: 21%), which can also be seen in the distribution by Siminoski.^[@ref38]^

The lumbar region is most frequently affected in older teenagers ([Figure 3A](#fig003){ref-type="fig"}) as demonstrated by Sayama *et al*. in 2014,^[@ref56]^ and similar to grown-up patients.^[@ref48]^

Regarding the four age-related groups, cervical fractures remain a very rare injury. The shift towards the lumbar region becomes stronger with every year the pediatric patient gets older ([Figure 3A](#fig003){ref-type="fig"}), which can be similarly seen by Siminoski *et al*.^[@ref38]^ and Reddy *et al.*^[@ref40]^

We summarize that the more fractures were found in children, the more likely the thoracolumbar spine was injured.

Causes of injury {#sec2-11}
----------------

Frequency of accident causes shows that fall is the most common reason of injury followed by traffic and sporting accidents, while Leucht *et al.* (n=562),^[@ref57]^ also see fall (39%) followed by traffic accidents (26.5%) as main causes. Nau et al. observed more than half of all injury causes in traffic and by fall.^[@ref58]^ A probable reason could be the greater city in which the study of Nau et al took place (Frankfurt/Main, Germany). Osenbach *et al*.^[@ref53]^ also see vehicular accidents followed by falls as the main courses of accident and also represent a greater city (Iowa City).

Summarizing the reasons of injury, fall and traffic accidents followed by sporting accidents could be reported the most dangerous causes in our patients as also found in several other studies ([Table 2](#table002){ref-type="table"}). ^[@ref35],[@ref36],42,48,53,[@ref58]^

Localization of fracture in traffic accidents shows a peak in the thoracolumbar area ([Figure 2C](#fig002){ref-type="fig"}), which can be confirmed by the large study of Wang *et al.*, where 41.57% of all fractures could be detected between T11 and L2.^[@ref46]^

In the same study, the peak in the thoracic and lumbar area in fractures after fall which we could show ([Figure 2D](#fig002){ref-type="fig"}) can be confirmed since 58/62.5% (distributed in less or more than 2 meters) of all fractures arose between T11 and L2.^[@ref48]^

Concerning sport accidents, Wang *et al*.^[@ref48]^ considered 61% of all fractures between T11 and T2 with 18% between T1 and T10 and 19% between L3 and L5, which seems to be more caudal than our distribution ([Figure 2E](#fig002){ref-type="fig"}). A possible reason could be the low number of sport accidents in this study (n=15).

Treatment {#sec2-12}
---------

In most cases, conservative treatment of the fracture was indicated (96.3%) as shown by several other studies (76% 53%).^[@ref45],[@ref65]^ Thus conservative treatment still has its relevance in pediatric spinal trauma since the broken vertebra has a high stability.^[@ref66]^ In our study, indication for operative stabilization was very strict according to Jarvers *et al*. and the great remodeling potential of juvenile spine.^[@ref67],[@ref68]^ Neurological deficit or unstable fractures lead to surgery as reviewed by Sayama *et al.*^[@ref56]^ If necessary, surgery most commonly took place in lumbar spine, followed by the thoracic region ([Figure 3B](#fig003){ref-type="fig"}). Cervical spine was rarely operated, only two times in our patients. This can also be seen in a study by Dogan *et al*.^[@ref65]^ where the thoracic and lumbar region was most commonly operated. Results after the operation were good, comparable to a review by Basu^[@ref7]^ and a study by Suttor *et al.*^[@ref69]^ These results suggest that younger patients are preferably treated without operation. Most operable lesions can be found in the thoracolumbar area.

Neurologic outcomes in younger children with cervical spinal fracture were reported poor, some studies account just 78% normal neurologic status after discharge from hospital, which we cannot confirm. ^[@ref60]^ Other authors report good or excellent neurological function after thoracic and lumbar fractures.^[@ref56],[@ref70]^ In an investigation by Erfani *et al*., out of 102 pediatric patients, in which 20 patients underwent surgery, all patients achieved full functional independence afterwards.^[@ref71]^ In a great retrospective analysis by Williams *et al.*, new postoperative neurological deficits were with 0.9% a rare complication after traumatic spinal fractures,^[@ref72]^ matching well with our results.

Regarding multiple fractures and its special diagnostic difficulty,^[@ref73]^ a high-energy trauma, *e.g.* traffic accidents^[@ref74]^ and highenergy falls^[@ref57]^ could be assumed. Comparing the three major types of accident causes, no significant differences can be found in the resulting number of fractures which could also be seen by Reddy *et al.*^[@ref40]^ and Cirak *et al*.^[@ref46]^ Furthermore looking at the number of fractures, most of single, double and multiple fractures are caused by fall attributable to the fact that fall was totally the most frequent reason of injury. Though no distinct cause of multilevel lesions could be reported in our study and a research by Mahan *et al.*,^[@ref75]^ maybe every higher energy is dissipated in the smaller body of pediatric patients leading to multiple fractures.^[@ref41]^ Our data underline that cervical injuries occur more likely in younger patients as reported in other studies. ^[@ref1],[@ref2],[@ref54],[@ref76],[@ref77]^ Multi-segmented injuries are more typical to the older children ([Figure 3A](#fig003){ref-type="fig"}).^[@ref2]^ Nonetheless, a high estimated number of unknown cases remains as shown in a Swiss necropsy-study from 1974 where just one out of 12 spinal injuries could be reported radiologically and in all lesions the growth zone of the cartilaginous end-plate was fractured.^[@ref78]^

Conclusions {#sec1-5}
===========

We could demonstrate that multi-segment injuries are more frequent than single injuries and that the major cause of vertebral injuries are falls. These data demonstrate that vertebral fractures in children are usually multiple and should lead to broad diagnostic coverage. Pr e v e n t i o n should especially conceal falls and traffic accidents. Lesions for operative fixation are rare due to the great elasticity of pediatric spine, but if surgery is required, it takes place generally in the thoracolumbar area.

![The number of X-rays, CT scans and MRIs performed from 1998 to 2014 (A). The use of di-agnostic tools reveals a slight increase in the number of MRI scans in the past several years, whereas X-rays were used more and more sparingly. The distribution of vertebral fractures in all 546 pediatric and adolescent patients (B). The localization of fractures was observed, and the distribution revealed a thoracolumbar peak. Number of fractures per patient (C). The number of fractures per patient was determined. Less than half of all fractures occurred as single fractures (206), and most children exhibited more than one fracture (129 had two fractures, 49 had three fractures, and 56 had more than three fractures). The Distribution of fractures (D) in 206 patients with one fracture exhibits a lumbar peak, while the 129 patients with two fractures show a shift to the thoracic spine. In the three fractures group of 49 patients, the thoracic spine-shift is continued while in 57 patients with more than three fractures, the peak in the thoracic region becomes greater](pr-10-1-7232-g001){#fig001}

![Correlation of age and location in 546 fractures (A). Younger patients had a tendency to injure the cervical spine. Accident causes (B). Falls were the most common reason for injury followed by traffic and sporting accidents. Localization of 297 fractures in traffic accidents (C) with a peak in the thoracolumbar area, after fall with 514 fractures and a peak in the thoracolumbar area as well (D) and during sports activities with 68 fractures (E) and a thoracic peak.](pr-10-1-7232-g002){#fig002}

![Localization of fractures in different ages (A). Localization of 90 fractures in children \<5 years of age. A peak in T8 next to the lumbar peak can be detected in the youngest patients Between 5 and 10 years of age, the thoracolumbar region is mostly affected (161 fractures). The lumbar region is mostly affected in 209 teenage fractures between 10 and 15 years. In adolescents from 15 years on, the lumbar region remains the most affected region in 304 fractures. Thirty-eight operated fractures correlated with the location of vertebral fractures (B). Surgery was most commonly performed in the lumbar spine followed by the thoracic region. Injuries in the cervical spine rarely underwent surgery. Number of frac-tures in different causes of accident (C). In traffic accidents, single fractures represent less than half of all fractures, whereas single fractures represent more than 60% of all fractures in sporting accidents (Traffic accidents: 145, Falls: 260, Sports: 10). No statistically significant differences were noted among the causes of accident. Causes of accident in number of fractures (D). Single fractures are mostly caused by falls followed by traffic accidents. This distribution was also noted for double and multiple fractures (single fractures: 201, double fractures: 119, triple fractures: 45, multiple fractures: 55).](pr-10-1-7232-g003){#fig003}

###### 

Literature localization of injury.

  Author \[ref.\]                   No.      Cervical, %              Thoracic, %   Lumbar, %
  --------------------------------- -------- ------------------------ ------------- ----------------------------
  Carreon *et al*. \[[@ref41]\]     36       36                       34            29
  Cirak *et al*. \[[@ref42]\]       145      61.4                     15.9          22.8
  Dickman *et al*. \[[@ref39]\]     104      44                       48            8
  Hofbauer *et al*. \[[@ref43]\]    28       0-9 years: upper spine                 Adolescents: lumbar region
  Hu *et al*. \[[@ref33]\]          2063     19.3                     30            42.5%
  Liu *et al*. \[[@ref44]\]         82,720   \<10 years: 78.69                      
  Özkan *et al*. \[[@ref45]\]       75       56                                     
  Parente *et al*. \[[@ref46]\]     130                               63            
  Reddy *et al*. \[[@ref40]\]       164      8.9                      28.7          23.2
  Sawyer *et al*. \[[@ref47]\]      4483     16                       39            29
  Siminoski *et al*. \[[@ref38]\]   221                               72            28
  Wang *et al*. \[[@ref48]\]        3142     20.5                     30.5          49.0

###### 

Literature causes of spine injury.

  Author \[ref.\]                            No.    Traffic, %   Fall, %   Sports, %
  ------------------------------------------ ------ ------------ --------- -----------
  Álvarez-Pérez & López-Llano \[[@ref69]\]   72     52.1         \-        \-
  Cirak *et al*. \[[@ref42]\]                406    29           26        20
  Leonard *et al*. \[[@ref60]\]              540    37-56        \-        \-
  Mortazavi *et al*. \[[@ref61]\]            103    48-61        \-        20-38
  Murphy *et al*. \[[@ref62]\]               51     53           \-        14
  Nau *et al*. \[[@ref58]\]                  49     37           16        12
  Osenbach *et al*. \[[@ref53]\]             179    56           17        13
  Parente *et al*. \[[@ref46]\]              71     23.3         \-        \-
  Patel *et al*. \[[@ref63]\]                1098   61           11-18     3-20
  Schottler *et al*. \[[@ref64]\]            159    49           6         1
  Wang *et al*. \[[@ref48]\]                 3142   20.9         58.9      5.5
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